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ABSTRACT

Vertically aligned carbon nanotube (VACNT) emitters were synthesized directly

on stainless steel substrate using DC plasma-enhanced chemical vapor deposi-

tion. Remarkable field emission (FE) properties, such as low turn-on electric

field (ETO = 1.40 V/lm) and low threshold electric field (ETH = 2.31 V/lm),

were observed from VACNT arrays with long length and moderate density. The

FE performance was significantly enhanced by a uniquely bundled structure of

VACNTs formed through a simple water treatment process. The FE properties

of VACNTs were further improved by coating the exterior of CNTs with a

uniform layer of crystalline SnO2 nanoparticles; the ETO and ETH were reduced

to 1.18 and 2.01 V/lm, respectively. The enhancement of FE properties by SnO2

coating can be attributed to the morphological change of VACNTs caused by the

solution phase coating process. The coated samples also exhibited an improved

FE stability which is attributed to the enhancement of the mechanical strength

and chemical stability of the VACNTs after the SnO2 coating. The VACNT

emitters with characteristic features such as a conductive substrate, low contact

resistance between the VACNTs and the substrate, uniform coating, and bun-

dled morphology can be ideal candidates for FE devices.

Introduction

Materials designed and developed with advanced

concepts can help the development of new devices

and improve many components of current technolo-

gies. A power-efficient, high-current, and low-tem-

perature electron emitter, unlike thermionic emitter,

is essential for many simple to complex advanced

vacuum electronic devices. Carbon nanotubes

(CNTs), known for their superior mechanical [1],

thermal [2], electrical [3] properties as well as high

aspect ratio [4], are regarded as the best field emitters

in a non-oxidizing environment. CNT array can be

utilized as cold field emitters in vacuum electronic
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devices such as FE displays [5], electron microscope

[6], X-ray sources [7], microwave amplifiers [8], and

nano-electronics [9]. Apart from being more energy-

efficient, CNT field emitters can produce more

stable electron beam which can be helpful for an

accurate electron beam focusing.

Generally, CNTs are synthesized on a metallic

substrate which is coated first with a buffer layer and

then a catalyst layer by different deposition tech-

niques. The buffer layer arguably adds an extra

electrical resistance between the CNT and the metal

substrate, and hence, it can compromise the FE per-

formance of the CNT field emitters. Low ohmic

contact between the metallic substrate and the CNTs

is one of the crucial factors to lower the turn-on

electric field as a result of easy electron transport

from the substrate to the CNTs, and hence to the

vacuum [10]. Further, the ohmically contacted CNT

emitters can withstand a high emission current dur-

ing the FE process. It is believed that the CNT’s tip

releases the electrons during the FE process. So,

vertically aligned carbon nanotubes (VACNTs) have

been grown to facilitate the FE process so that the tip

of each VACNT experiences the same electric field to

emit the electrons. The need for growing VACNTs

directly on a conducting substrate and the effect of

other factors such as density and structural changes

of VACNTs on FE properties have been addressed in

many reports. Talapatra et al. [11] reported a direct

synthesis of aligned CNTs on an Inconel substrate by

chemical vapor deposition (CVD) method and dis-

cussed the necessity of growing CNTs on a bulk

conducting substrate for applications in FE devices.

Neupane et al. [12] synthesized VACNTs arrays

directly on stainless steel (SS) substrates by plasma-

enhanced chemical vapor deposition (PECVD)

method and observed a better FE performance (low

turn-on electric field, low threshold electric field, and

high field enhancement factor) compared to that from

VACNTs grown on a catalyst-coated stainless steel

substrate. Bonard et al. [13] also reported a superior

FE performance of medium density VACNTs in

comparison with that of high and low density

VACNTs grown on a silicon substrate by the CVD

method. Kim et al. [14] highlighted the importance of

growing VACNTs with an optimum normalized

spacing (s/l, where s is the spacing between CNTs

and l is the CNT length) so that electrostatic inter-

action among the CNTs can be minimized to attain

better FE performance. There are several reports on

improving the FE performance of VACNTs by

improvised synthesis through substrate modification,

such as VACNT-based pillar structure [15–18]. It is

reported that the coating on the CNT wall by

nanoparticles, such as TiO2, ZnO, RuO2, MgO, In, Al,

and Cu, not only modify the electronic structure of

the CNT but also helps to passivate defective sites on

the CNT surface [19–25]. This can lead to highly

conductive, mechanically, and chemically more

stable CNTs composite, resulting in an enhanced FE

performance. To our knowledge, only a few works

regarding the direct synthesis of VACNT-based field

emitters on the conducting substrate and their FE

properties enhancement by simple posttreatment

methods such as water treatment and SnO2 coating

have been reported. The main focus of this study was

to grow VACNT arrays directly on the SS substrate

without the addition of buffer and catalyst layers and

to enhance the FE properties of the VACNT-based

field emitters by the water treatment and SnO2 coat-

ing to the pristine VACNT arrays.

In this paper, we report a direct growth of

VACNTs on SS substrate without buffer and catalyst

layers on top of the substrate surface by a PECVD

method. We further successfully coated the VACNTs

with a uniform layer of SnO2 nanoparticles using a

facile one-step wet-chemical method. The FE char-

acteristics of the as-synthesized, water-treated, and

SnO2-coated VACNTs were studied to understand

the effect of the SnO2 coating as well as the mor-

phology change of VACNTs array on the FE perfor-

mance. Our results show that water treatment and

SnO2 coating can lead to significant improvement in

the FE properties of the VACNTs. We also performed

simulations to understand the effect of bundling of

the CNTs on the FE performance of the VACNTs

emitters. The simulation result agrees well with

experimental results.

Experimental details

VACNT arrays were grown on SS 304 type by

PECVD method as described in detail in our previous

work [26]. In brief, as shown in the schematic in

Fig. 1, a small piece of SS sheet, of an area about

1 9 1 cm2 and thickness of 0.6 mm, was polished

with sandpapers and cleaned ultrasonically in iso-

propyl alcohol bath for 5 min. It was loaded into the

PECVD system which was maintained at the base
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pressure of 0.01 Torr. Ammonia (NH3) gas was

introduced at a rate of 400 sccm, while the pressure of

the PECVD chamber was kept at 7 Torr. Then, the SS

substrate was heated to a temperature of 700 �C.
Once the targeted temperature was achieved, a DC

plasma was turned on and maintained at 75 W.

Finally, acetylene (C2H2) gas was introduced at a rate

of 25 sccm while keeping the chamber pressure at

7 Torr throughout the VACNTs growth period.

A simple wet-chemical method similar to that

reported by Han and Zettl [27] was used to synthe-

size SnO2 nanoparticles on the external surface of the

CNTs to form core–shell structured composite

material. The as-synthesized VACNTs array (not

separated from original SS substrate) was treated

with nitric acid (HNO3, 40%) at room temperature for

2 h to clean the surface of nanotubes and to create the

oxygen-containing functional groups on the VACNT

wall. A solution was prepared at room temperature

by mixing 1 g of tin (II) chloride (SnCl2, 98%, anhy-

drous) in 80 mL of deionized water, and then 1.4 mL

of hydrochloric acid (HCl, 38%) was added. Finally,

the acid-treated VACNTs sample, first rinsed with

deionized water, was submerged into the solution for

different coating periods. The solution was stirred by

the gentle flow of air through the solution continu-

ously to facilitate the coating process. Once the

sample was coated for the desired time period, it was

taken out from the solution and dried at 95 �C for

15 min.

Morphology of the as-synthesized VACNTs array

was characterized by a field emission scanning elec-

tron microscope (SEM, JOEL JSM-6330F). A trans-

mission electron microscope (TEM, FEI Tecnai F30)

equipped with energy-dispersive X-ray spectrometer

(EDAX), which was operated at 300 kV, was used to

characterize the nanostructure of the as-synthesized

VACNTs and SnO2 nanoparticles grown on the CNT

wall. The FE characteristics of the samples were

tested in a diode configuration enclosed in a vacuum

chamber. The VACNTs array deposited SS substrate

was made cathode, whereas a solid cylindrical SS rod

was used as an anode. The gap between the anode

and cathode was maintained at 500 lm. All the

experiments were performed at a vacuum level about

7 9 10-7 Torr. Keithley 236 SMU was used to mea-

sure the emission current from the VACNT emitters,

whereas Matsusada AU-15P20 DC high voltage–

power supply was used to supply the power during

the experiments. Electrostatic field distribution for

the VACNT emitters was simulated by using COM-

SOLTM MULTIPHYSICS 5.2 software. Three-dimen-

sional (3D) models consisting of single VACNT,

VACNTs array, and system having VACNTs bundles

were created, as shown in Fig. 10. The parameters

such as length of VACNT = 8 lm, the diameter of

VACNT = 130 nm, and inter-VACNT distance = 0.3

lm were chosen to be reasonably close to the real

VACNTs emitters system (20-min sample, as shown

in Fig. 2c, f). An electric field of 1 V/lm was applied

between the top and bottom boundaries of the model.

Surface and contour plots were used to visualize the

results, whereas the magnitudes of local electric fields

were recorded by using a point evaluation icon.

Results and discussion

Synthesis of VACNTs

SS sheet (304 type, Fe 72%, Cr 18%, Ni 8%, Mn 2% by

wt.) received from Kimball Physics Inc. was first

polished with sandpapers to remove a thin layer of

chromium passive oxide (Cr2O3). This passive oxide

layer is primarily used for the corrosion resistance

purpose and is a weak catalyst for CNT growth [28].

A heat treatment at 700 �C to the polished SS sub-

strate under an NH3 environment helped to create

Figure 1 Schematic of the synthesis process for VACNTs on the SS substrate by PECVD method.
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catalyst nano-hills [26] (such as Fe, Ni, or Mn which

are the constituents of the substrate and are regarded

as suitable catalysts for CNT growth) on the substrate

surface. The on-site decomposition, diffusion into the

active nucleation sites (nano-hills), and precipitation

of the carbon atoms or clusters were the basis for the

CNT formation. An energetic plasma of power 75 W

aligned the CNTs in the direction parallel to the

applied electric field (i.e., perpendicular to the sub-

strate surface). The presence of the NH3 gas ensured

the etching of amorphous carbon deposited on the

surface of the catalyst nanoparticles to keep them

clean so that the diffusion and precipitation of carbon

atoms or clusters could continue as the growth pro-

cess continued.

Through a series of experiments, we optimized the

VACNTs synthesis conditions which include a

growth temperature of 700 �C, a flow rate of C2H2 at

25 sccm, a flow of NH3 at 400 sccm, a pressure of

7 Torr, and a plasma power of 75 W [26]. In this

report, we synthesized the VACNTs for the growth

time in the range of 5 to 20 min by keeping other

growth parameters constant to obtain the VACNTs

with different length. Figure 2 shows typical SEM

images of CNTs where Fig. 2a–c represents images

tilted at 15� to the normal of the SS substrate, and

Fig. 2d–f represents their corresponding scratched

area where CNTs length was measured. It was

observed that the average length of the CNTs was

2.13 lm (standard deviation, w = 0.23 lm), 4.13 lm
(w = 0.68 lm), and 8.15 lm (w = 1.03 lm) at growth

times of 5, 10, and 20 min, respectively. Thus, a linear

relationship between the CNT’s length and growth

time was observed, which was in good agreement

with our prediction. Also, the average diameter of the

CNTs was found to be 138.17 nm (w = 24.51 nm),

139.70 nm (w = 28.29 nm), and 132.07 nm

(w = 33.35 nm) for the samples grown for 5 min (5-

min sample), 10 min (10-min sample), and 20 min

(20-min sample), respectively. We performed our

experiments in the growth time range 5 to 20 min

since an extended growth time ([ 20 min) slowed

down the growth rate of the CNTs. This is because

the catalyst particles eventually lost their catalytic

activity as the growth time increased [29]. Moreover,

prolonged exposure of the VACNTs to the intense

plasma may also destroy the graphitization of the

VACNTs giving rise to wall defects which can hinder

the desired longer FE stability of VACNT emitters.

These results imply that growth time had a signifi-

cant effect on the CNTs length while synthesizing

them by the PECVD method.

Figure 2 SEM images of CNTs (tilted view and corresponding

scratched area) synthesized on SS for a 5 min, b 10 min, and

c 20 min, respectively. The other growth parameters (growth

temperature of 700 �C, flow of C2H2 at 25 sccm, flow of NH3 at

400 sccm, pressure of 7 Torr and plasma power of 75 W) were

kept constant throughout the synthesis process. d–f Corresponding

scratched areas showing the length of the CNTs.
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The nanostructure of the as-synthesized CNTs was

characterized by low and high-resolution TEM ima-

ges. Figure 3a represents the low-resolution TEM

image of CNTs synthesized for 10 min. It is evident

from the TEM image that a catalyst particle was

encapsulated at the tip of each individual CNTs

suggesting the tip growth model. The diameter

variation among the CNTs, as shown in Fig. 3a, was

determined by the size of the catalyst particles

anchored at the tip of CNTs. These catalyst particles

were the catalyst nano-hills formed on the SS sub-

strate, and they were lifted off the SS substrate by the

growing CNTs. Figure 3b represents a high-resolu-

tion TEM image of the CNT, which shows that the

graphitic planes are not parallel to the tube axis but

twisted to form a stacked-cup structure resembling a

bamboo-like morphology. This kind of growth pat-

tern is a common characteristic of the CNTs grown by

PECVD [30, 31]. The inset in Fig. 3b is a close-up view

of the boxed area of the CNT wall shown in Figure,

and it shows the twisted graphene layers forming the

bamboo-like structure. The distance between the

adjacent graphene layers is 0.34 nm, which corre-

sponds to the (002) graphitic plane. It is believed that

nitrogen atoms incorporated into the graphene layers

(CNT walls) during the synthesis process by pyrrolic-

like nitrogen binding configuration (sp3 hybridiza-

tion) played a vital role in the formation of the

bamboo-like CNTs [32]. The sp3 hybridized nitrogen

atoms form five-member rings together with carbon

atoms of the graphene layer, which help to twist the

graphene layer [33]. In our study, we used NH3

plasma during the VACNTs synthesis experiment,

and a significant number of energetic nitrogen atoms

can be doped into the graphene layers. The substi-

tutional nitrogen atoms caused the formation of

pentagons along with the regular hexagons leading to

the formation of bamboo-like CNT morphology, as

shown in TEM micrographs.

Water treatment to VACNT arrays

It has been reported that the treatment of the self-

standing high-density VACNTs array with a volatile

liquid helps to change the morphology of the array

into individual bundles under the surface tension

forces during drying process [34, 35]. Such a partic-

ular morphology can enhance the FE properties of

VACNTs owing to their extended inter-bundle dis-

tance and the emission from the bundle as a whole

[36]. It is important to mention that bundling phe-

nomenon can provide a platform to achieve maxi-

mum FE via minimizing charge screening effects

from the surrounding VACNTs in a dense array. To

form bundled morphology, the as-synthesized

VACNTs arrays were submerged into deionized

water (80 mL) for 9 h at room temperature.

The water treatment was facilitated by a gentle

flow of air through the deionized water. Once the

treatment time was achieved, the samples were dried

by using a hot plate at 95 �C for 15 min. As a result,

self-assembled tapered bundles of VACNTs were

achieved, as shown in Fig. 4. This change in mor-

phology of the VACNTs array was attributed to the

Figure 3 TEM images of the

CNTs synthesized on SS

substrate at 700 �C for 10 min.

a Low-resolution TEM image

of CNTs with catalyst particles

at the tip. b High-resolution

TEM image showing CNT

with ‘‘bamboo-like’’ structure.

The inset in (b) represents a

close-up view of the CNT wall

showing the twisted graphitic

layers.
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surface tension of the deionized water which caused

the van der Waals forces between the deionized

water and the VACNTs to pull the tip of VACNTs to

each other while the roots remained attached on the

substrate during the drying process [37]. However,

this effect was not clearly noticeable in the case of

shorter VACNTs (Fig. 4a) as they were robust

enough to counter the surface tension forces; but still,

the bundled structures were present to some extent. It

should be pointed out that the 9-h treatment to the

VACNTs array to form bundles was not strictly

necessary, and the desired morphology could be

accomplished within a few minutes treatment.

However, the treatment was performed for 9 h to be

consistent with the SnO2 coating time on VACNTs so

that the FE properties of the two different samples

can be compared. The average inter-bundle distance

was measured as about 3 lm for the 20-min sample,

which was significantly larger than the distance

between individual self-standing VACNTs of the as-

synthesized samples. Apart from bundling, the water

treatment might also be able to remove amorphous

carbon deposited on the surface of the sample during

the PECVD growth process. This cleaning process

could be beneficial in the case of FE applications of

VACNTs which will be discussed later.

Coating VACNT arrays with SnO2

nanoparticles

The as-synthesized VACNTs arrays were coated with

SnO2 nanoparticles by using a facile wet-chemical

method for different time durations such as 9 and

11 h to understand the effect of coating time on SnO2

nanoparticle size and coating thickness. The vertical

alignment of the CNTs was significantly disturbed

after the solution-based SnO2 coating process as

compared to their pristine counterparts (i.e., the as-

synthesized VACNTs arrays). Figure 5 shows the

structure change of the VACNTs arrays after the

SnO2 coating process for 9 h, the original vertically

standing CNTs formed cone-like bundles as the tip of

CNTs was attached to each other. The bundling

pattern was similar to that observed for water treat-

ment, as shown in Fig. 4. This bundling phenomenon

was clearly presented for longer CNTs, as shown in

Fig. 5b, c, whereas it was not quite significant for

shorter CNTs, as shown in Fig. 5a.

High- and low-resolution TEM images were used

to study the distribution and morphology of the SnO2

nanoparticles coated for 9 and 11 h on the surface of

the CNTs. Figure 6 shows TEM images of the 10-min

sample after coating with SnO2 nanoparticles for 9 h.

It is clear from the TEM images that all the CNTs

were thoroughly coated with SnO2 nanoparticles

forming a CNT/SnO2 core–shell structure. Figure 6a

represents a low-resolution TEM image of the CNT/

SnO2 bundle, whereas Fig. 6b depicts a magnified

view of a CNT/SnO2 composite showing a coating

layer of SnO2 nanoparticles on the wall of the CNT.

The high-resolution TEM image, as shown in Fig. 6c,

shows the individual crystalline SnO2 nanoparticles

deposited on the exterior of the CNT’s wall. The

average thickness of the coating was about 10 nm.

The inset on the top right corner of Fig. 6c displays a

typical SnO2 nanoparticle showing clear lattice frin-

ges separated by a distance of 0.334 nm, which cor-

responds to the (110) lattice plane of the tetragonal

SnO2 crystal [27]. Also, the inset at the bottom right

corner of Fig. 6c represents the selected area diffrac-

tion (SAED) pattern from the CNT/SnO2 composite.

The distinct concentric rings were indexed as (110),

(101), (211), and (301) corresponding to the tetragonal

phases of polycrystalline SnO2 nanoparticles. The

Figure 4 SEM images of a 5-min, b 10-min, and c 20-min sample showing bundling of VACNTs due to surface tension during the drying

process after treating with water for 9 h.
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presence of Sn and O in the EDAX spectrum, as

shown in Fig. 6d, further confirmed the presence of

polycrystalline SnO2 nanoparticles. However, the

chemical analysis using EDAX showed the presence

of other elements such as C, Si, Fe, Mn, Ni, and Cu

besides Sn and O in the coated multiwalled CNT. The

C signal was due to the multiwalled CNT, whereas a

weak signal of Si could be from the following two

sources: (1) contamination of the glass beaker as a

result of reaction with the HNO3 during the pre-

treatment of CNTs or (2) interaction of the strong C

signal and Al, which is part of the collimator [38]. The

Figure 5 SEM images of a 5-min, b 10-min, and c 20-min sample showing conical bundle-like morphology of VACNTs after coating

with SnO2 nanoparticles for 9 h.

Figure 6 TEM images of the SnO2 nanoparticles coated for 9 h

on the surface of CNTs grown for 10 min a Low-resolution TEM

image of CNT/SnO2 bundle, b Magnified view of SnO2-coated

CNT showing the SnO2 coating layer on the CNT surface c Close-

up view of the boxed area indicated in (b), showing clearly the

individual SnO2 nanoparticles deposited on the CNT surface. The

inset on the top right side of (c) represents a high-resolution TEM

image of a SnO2 nanoparticle showing clear lattice fringes

separated by a distance of 0.334 nm which corresponds to the

(110) lattice plane of the SnO2 crystal. The inset on the bottom

right corner of (c) represents a SAED pattern showing the

polycrystalline nature of SnO2 nanoparticles layer. d EDAX

spectrum showing the composition of CNT/SnO2 composite.
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strong Cu signal was from the TEM grid, whereas the

weak signals of Fe, Mn, and Ni were expected from

the SS substrate or the catalyst particles responsible

for the CNTs growth.

Figure 7a, b represents the distribution of the

diameter of SnO2 nanoparticles synthesized for 9 and

11 h, respectively. The histograms were created after

a representative number of SnO2 particles from the

samples were counted. Based on the diameter his-

togram, it was observed that the average SnO2 par-

ticle size increased with the increasing coating time.

The average diameter (xc) of the SnO2 particles for

9 h coated sample was found to be 4.18 nm with

standard deviation (w) of 0.17 nm, as shown in

Fig. 7a. More than 90% of the particle’s diameters

were found to be in the range from 3 to 5.5 nm.

Similarly, as shown in Fig. 7b, the average diameter

(xc) of the SnO2 particles for 11 h coated sample was

found to be 5.86 nm with the standard deviation

(w) of 0.16 nm and more than 90% of the particle’s

diameters were observed to be in the range from 5 to

7.5 nm.

The as-synthesized multiwalled CNTs were treated

with HNO3 before coating SnO2 nanoparticles on the

CNTs surface in order to create carboxyl or hydroxyl

functional groups. The hydrophilic functional groups

are essential in achieving a uniform SnO2 coating

over the length of the CNTs [39]. The synthesis of

ultra-fine SnO2 nanoparticles from an aqueous solu-

tion of SnCl2 precursor can be accredited to the fol-

lowing chemical reaction: [27]

2SnCl2 �H2OþO2 ! 2SnO2 þ 4HCl ð1Þ

In brief, the mechanism of SnO2 phase formation

and coating on the wall of CNT can be understood as

follows. First, Sn2? cations present in the precursor

SnCl2 aqueous solution were adsorbed on the nega-

tively charged functional groups on the CNT surface

due to electrostatic interaction [40]. Then, the Sn2?

cations were oxidized to form SnO2 nanoparticles in

the presence of oxygen in the solution. Here, the

addition of a small amount of HCl in the precursor

SnCl2 aqueous solution was very crucial because it

prevented the formation of tetratin hexhydroxide

dichloride (Sn4(OH)6Cl2) colloidal particles as a result

of hydrolysis of SnCl2 which would eventually lead

to the formation of SnO instead of SnO2 nanoparticles

[41].

Field emission (FE) properties measurement

A schematic to measure the FE properties of the

VACNTs in diode configuration is shown in the inset

of Fig. 8a. A stainless steel (SS) plate was used as a

cathode, whereas a solid cylindrical SS rod

(0.803 cm2, surface area facing VACNTs) was used as

an anode. Silver (Ag) paste was used to attach the

sample onto the SS cathode as it is an excellent elec-

trical conductor. During the experiment, the emission

current was measured as the applied voltage was

systematically increased in steps of 50 V until the

emission current was saturated. For practical appli-

cation and comparison purpose of the measured

data, we define turn-on electric field (ETO) and

threshold electric field (ETH) as the electric field

required to produce the emission current densities of

1 lA/cm2 and 1 mA/cm2, respectively. The field

Figure 7 Particle size distribution of SnO2 nanoparticles coated for a 9 h and b 11 h, on the surface of CNTs grown for 10 min.
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enhancement factor (b) was studied by using the

Fowler–Nordheim (F–N) equation [42]:

J ¼ b2AF2

/

� �
exp

B/
3
2

bF

 !
ð2Þ

where J is the emission current density,

A = 1.56 9 10-6 A V-2 eV and B = 6.83 9 109 eV-3/2

V m-1 [43, 44] are Fowler–Nordheim constants, / is

the work function of the field emitter, and F is the

applied electric field. It has been reported that the tip

work function varies slightly for metallic (4.6 eV) and

semiconducting (5.6 eV) CNTs, depending upon

their helicity [45]. Different helicities and slight

variation in the work function were expected in a

dense mat of VACNTs array. Hence, the work func-

tion of the CNT emitter was assumed to be 5.0 eV

(work function of carbon) [46] and the field

enhancement factors were calculated by using the

slopes of the fitted F–N plots, i.e., graph of ln(J/F2)

versus 1/F, as shown in the insets of Fig. 8b–d.

The FE properties of the various samples are pre-

sented in Table 1. Figure 8a represents the plot of

emission current density versus applied electric field

(F–J plot) of three pristine VACNTs samples with

different average lengths. The samples demonstrated

different FE characteristics according to their lengths.

The ETO for shorter VACNTs such as 5-min sample

was observed to be 2.14 V/lm, and its ETH was

found to be 3.53 V/lm. The ETO for longer VACNTs

such as 10-min and 20-min sample was 1.68 and

1.40 V/lm, respectively, whereas their ETH’s were

recorded as 3.00 and 2.31 V/lm, respectively. As the

average length of the VACNTs was increased, better

FE performance (i.e., lower values of ETO and ETH)

was observed, as shown in Fig. 8a. Also, the field

enhancement factor (b) for pristine 5-min, 10-min,

and 20-min samples was calculated as 2357, 2668, and

Figure 8 FE characteristics of as-synthesized, water-treated, and

SnO2-coated VACNTs. a Emission current density versus applied

electric field (F–J plot) for the as-synthesized VACNTs grown for

5 min, 10 min, and 20 min. The inset shows the schematic

diagram of the FE measurement setup. Comparative F–J plots for

as-synthesized, water-treated, and SnO2-coated VACNTs samples

synthesized for b 5 min, c 10 min, and d 20 min, respectively.

The insets are their corresponding Fowler–Nordheim (F–N) plots.
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3046, respectively. The straight lines seen in the F–N

plots (insets of Fig. 8b–d) indicate that the observed

FE phenomenon was mainly due to the quantum

mechanical tunneling process [47]. The geometrical

field enhancement factor (b
0
) of an individual CNT

emitter can be estimated by the ratio of the length to

radius of the CNT [12]. In our case, the average

radius of the VACNTs for the aforementioned three

samples was similar, and therefore, the length was

the only critical factor which can affect the b
0
. The

increased b values for the longer VACNTs agree with

the geometrical b
0
estimation. However, the large

inconsistency in the experimental and geometrical

beta values (e.g., b & 3046 and b
0
& 107 for 20-min

sample) suggests that the quantum tunneling was not

the sole mechanism responsible for the observed FE

performance. The tip of the carbon nanotubes may

not only be the area where the field emission process

occurs. Chhowalla et al. [48] suggested that in the

case of diode configuration method, a triple junction

between the substrate, base of the CNTs, and vacuum

can force the electrons to be emitted to the vacuum.

Figure 8b–d shows the F–J plots for the pristine,

water-treated, and SnO2-coated VACNTs synthesized

for 5, 10, and 20 min, respectively. The insets are their

corresponding F–N plots. In the case of 5-min sam-

ples, the ETO values were reasonably similar; how-

ever, the ETH values were improved (decreased) as

the pristine samples were treated with water and

coated with SnO2 nanoparticles. Further, the field

enhancement factors were calculated as 2357, 2449,

and 2486 for pristine, water-treated, and SnO2-coated

samples, respectively. For longer VACNTs, such as

10 and 20-min samples, significant improvement in

the FE performance was observed after the post-

treatments to the as-synthesized VACNTs arrays, as

shown in Fig. 8c, d. For example, the ETO for the as-

synthesized 10-min sample was 1.68 V/lm, which

was lowered to 1.45 and 1.43 V/lm for the water-

treated and SnO2-coated samples, respectively. The

ETH was also improved after the posttreatments; the

values were measured to be 3.00, 2.58, and 2.50 V/

lm for as-synthesized, water-treated, and SnO2-

coated samples, respectively. Furthermore, the field

enhancement factor was increased considerably after

the posttreatments, and the values were 2668, 3391,

and 3451 for the as-synthesized, water-treated, and

SnO2-coated samples, respectively. A very similar

trend of FE performance to that of the 10-min sam-

ples was observed for the 20-min samples, as shown

in Fig. 8d. The lowest ETO = 1.18 V/lm, ETH-

= 2.01 V/lm, and the highest b = 4712 among all the

samples along with the maximum emission current

density of about 7 mA/cm2 at 2.50 V/lm were

recorded for the SnO2-coated 20-min sample.

These results imply that the main reason for the

enhanced FE performance from the posttreated

samples was the restructuring of the morphology of

the VACNTs array into individual sharp conical

bundles, as shown in Fig. 4 and 5. The result also

implies that a bundle emits as a whole rather than

individual CNTs and the bundling alleviates the

charge screening effect through increasing the dis-

tance between the effective emitters. For example, an

inter-tube distance of about 0.3 lm was measured in

case of the pristine 20-min sample and after the water

Table 1 FE properties of as-

synthesized, water-treated, and

SnO2 coated VACNTs

Sample Before stability test After stability test

ETO (V/lm) ETH (V/lm) b ETO (V/lm) ETH (V/lm) b

5-min

As-synthesized 2.14 3.53 2357 2.35 3.85 1991

Water-treated 2.12 3.39 2449 2.37 3.90 2044

SnO2-coated 2.12 3.30 2486 2.34 3.80 2015

10-min

As-synthesized 1.68 3.00 2668 1.83 3.26 2359

Water-treated 1.45 2.58 3391 1.65 2.61 2818

SnO2-coated 1.43 2.50 3451 1.62 2.58 2826

20-min

As-synthesized 1.40 2.31 3046 1.64 2.74 2979

Water-treated 1.19 2.20 4670 1.41 2.65 4020

SnO2-coated 1.18 2.01 4712 1.37 2.58 4109
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treatment and SnO2 coating, and the inter-bundle

distance was measured to be about 3 lm. An opti-

mum ratio of CNT height and inter-tube distance (l/

s) has been suggested as 1.5:1 [13] or 1:2 [17] for a

high field amplification. The l/s in our case was 2.7:1

(after the posttreatments to pristine 20-min sample)

which is much close to the ideal ratio as compared to

that for pristine sample (about 27:1). As a result, the

field enhancement factor was improved significantly,

and consequently, much lower values of ETO and ETH

were observed in comparison with that for the pris-

tine samples. Recently, Gupta et al. have reported

low ETO (0.6 V/lm at 1 lA/cm2) and ETH (0.7 V/lm
at 10 lA/cm2) from an array of VACNT-based square

pillar of several millimeters high and 500 lm wide

[16]. However, the total emission current density was

rather low (4 mA/cm2) regarding the millimeter long

VACNTs because the field emission came mainly

from the edge rather than the tip of the flat pillar

structured emitter. Wang et al. observed improved

FE properties (ETO = 0.73 V/lm at 10 lA/cm2, ETH-

= 1.29 V/lm at 10 mA/cm2, and total emission

current density of about 30 mA/cm2) from dense

VACNT-based pillar structure (height 30 lm, diam-

eter 20 lm, and l/s = 1:2) due to the minimum

screening effect [17]. Hazra et al. reported extremely

low ETO (0.16 V/lm at 10 lA/cm2) and impressively

high emission current density of about 1.5 A/cm2 at

0.3 V/lm from the VACNT-based pillar structure of

height 132 lm and base diameter 80 lm [15]. It is

important to note that such an impressive result was

possible only after the plasma treatment to the

VACNT pillars to create an extremely sharp tip of the

pillar structure (tip diameter\ 1 lm). The reported

results indicate that isolated VACNT pillars have

much better FE performance than uniform VACNT

arrays. Our research findings agree well with the

reported results, and further, our method for con-

verting uniform VACNTs array into bundled array is

simple and efficient and can be easily applied to the

large area of VACNTs array. Comparing some

reported results in the above literatures, the FE per-

formance of our bundled CNT arrays was not as

good due to possibly the low height of the bundled

CNT arrays and the smaller inter-bundle distance.

We expect that the bundling of VACNTs array with

low density and long length will further improve

their FE performance.

It is also worthwhile to mention the behavior of the

F–J curve for water-treated and SnO2-coated (10 and

20-min) samples at the higher emission field region.

At the higher applied electric field region (i.e.,

beyond the ETO), the F–J curves for water-treated

samples saturated faster than that for the SnO2-

coated samples. As a result, the lowest values of ETH

were observed for SnO2-coated samples as compared

to water-treated and pristine samples. The slower

saturation of the F–J curves for the SnO2-coated

samples in comparison with that of the water-treated

samples at the higher field region could be due to the

protection against the structural failure of VACNT

emitters by SnO2 coating due to Joules heating during

the emission process. We also performed the tem-

poral measurement of the emission current density

for pristine and posttreated 20-min samples. During

the experiments, the voltage was applied in such a

way that the initial emission current density of

1 mA/cm2 was recorded for all the samples and then

the applied voltage was kept constant meanwhile

recording the emission current density for 40 h. The

SnO2-coated sample showed a stable emission cur-

rent during the stability test period, indicating a

superior FE stability among three samples, as shown

in Fig. 9. The emission current density from the

pristine and water-treated VACNTs arrays was

degraded rapidly with time than that of the SnO2-

coated sample. The mechanism for the superior FE

stability of the SnO2-coated VACNTs emitter was

similar to that of CNTs coated with a thin layer of

wide band gap semiconducting material such as ZnO

[49], RuO2 [21], and TiO2 [50]. The defective sites

formed on the VACNTs due to the intense plasma

bombardment during the PECVD growth process

were responsible for the poor electron emission life-

time of the pristine and water-treated VACNTs

Figure 9 Stability comparison of the as-synthesized, water-

treated, and SnO2-coated VACNTs synthesized for 20 min.
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arrays. In the case of SnO2-coated VACNT emitters,

however, the defects on the VACNTs were covered

by the uniform SnO2 layer. This SnO2 layer protects

the defective VACNTs from the destructive bom-

bardment of energetic ions and radicals created in the

emission process as well as residual oxygen mole-

cules in the chamber. Also, it is to be noted that the

FE performance from our samples even after electri-

cal annealing (EA) for 40 h was not degraded sig-

nificantly (see in Table 1). The consistency in the FE

performance after the EA implies that there was no

substantial change in the morphology of the bundled

emitters which was further confirmed by the SEM

images taken after the EA process (not shown in this

report).

The CNT structure is made of sp2 bonding between

carbon atoms. The minimum energy required to

remove a carbon atom from the structure is * 17 eV

[51], and the melting point of CNTs is very high

(* 4800 K) [52]. Hence, it was tough to change the

structure of CNTs, even at a large electric field.

However, the eventual failure of the CNT emitters

was inevitable at a certain electric field. Doytcheva

et al. [53] performed an in situ TEM investigation on

the structural failure in freestanding multiwalled

CNTs and observed that CNTs suffered structural

changes only after a certain current level but not

gradually. Interestingly, they observed an increase in

current level at a constant voltage followed by a

shortening of the CNT due to tip failure, which

resulted in a current drop. We also observed similar

behavior in the emission current during the first few

hours for SnO2-coated sample, as shown in Fig. 9,

where emission current was increased first and then

decreased followed by a stable FE performance.

Doytcheva et al. also suggested a critical current (i.e.,

a maximum current an individual CNT can with-

stand without undergoing structural failure) of 2–15

lA for CNTs with diameters in the range of 5–20 nm

and a much higher critical current of 40–250 lA for

CNTs with diameters about 30 nm. This means that

the critical current for a CNT increases as the diam-

eter increase. The average diameter of the VACNTs

synthesized in our experiment was in the range of

about 132–140 nm, and hence, they should be able to

conduct high current without structural degradation.

In addition, good contact between VACNTs and the

substrate as well as an excellent thermal conductivity

of CNTs and SS allowed an easy and sufficient

transfer of the heat. This may help to prevent the

VACNTs from damage caused by Joule heating.

Therefore, the excellent emission current stability for

such a long period of time from our sample can be

attributed to the lower thermal stress, high critical

current, uniform local electric field for many emission

sites (bundles), strong adhesion of VACNTs to the SS

substrate, and coating of emitters by crystalline SnO2

nanoparticles.

To further support our conclusions, we simulated

the electrostatic field distribution for a single

VACNT, an array of individual VACNTs, and bun-

dled VACNTs with different number of VACNTs per

bundle, as shown in Fig. 10. Figure 10a represents the

electrostatic field distribution at the tip of a single

VACNT, and the local electric field was found to be

the strongest (about 455 V/lm) in comparison with

other structures such as array and bundled struc-

tures. This result was obvious because there were no

other VACNTs to affect via the screening effect. The

presence of the strongest electric field was well sup-

ported by the fact that most field penetration occur-

red around the single VACNT emitter, as shown in

Fig. 10a. In the case of VACNTs array (Fig. 10b), the

local electric field at the tip of emitters was recorded

as about 188 V/lm. This remarkable drop in the

electric field strength was mainly due to the screen-

ing effect from the neighboring VACNTs in the clo-

sely packed array. The screening effect was evident

from the weak penetration of the equipotential lines

between the VACNT emitters, as shown in Fig. 10b.

On the other hand, the local electric field was found

to be 355 V/lm for the bundled structure with 9

VACNTs per bundle (Fig. 10c). It was about 89%

increase in the local electric field strength as com-

pared to that for the closely packed VACNTs array.

This significant improvement in the local electrostatic

field can be attributed to the increased inter-bundle

distance (0.9 lm), which can lower the screening

effect [36, 54].

We also simulated the local electric field distribu-

tion for the bundled structures having 17 VACNTs

per bundle (not shown in this report) and 25

VACNTs per bundle (Fig. 10d) to study how the

number of VACNTs in a bundle affects the FE pro-

cess. The maximum local electric field (Emax) versus

emitter morphology is graphed in Fig. 11. The graph

shows that a single VACNT has the highest local

electric field, and the closely packed VACNTs array

has the lowest local electric field. For VACNT bun-

dles, the array with 9 VACNTs per bundle displayed
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the highest local electric field, and the field decreased

as the number of VACNTs in a bundle increased.

Therefore, the simulation result suggests that the

bundled field emitters with a smaller number of

emitters per bundle (for example, 9 VACNTs/per

bundle) can deliver better FE performance as com-

pared to that from the dense emitters array and

bundled emitters with a larger number of VACNTs

per bundle. Our simulated result for pristine and

posttreated VACNTs (bundled structures) agrees

well with our experimental results. Our current

experimental technique cannot control the number of

VACNTs in a bundle, but the bundling through

simple water treatment and SnO2 coating, as descri-

bed in the report, can be a promising way to optimize

the FE performance of VACNT arrays.

As the VACNTs were synthesized directly on the

SS substrate without a buffer layer, the contact

resistance between the substrate and CNTs was

expected to be reduced substantially. The reduced

contact resistance facilitated an easier electron trans-

port in the interface between the substrate and the

CNTs, through the CNTs, and finally emission into

the vacuum, enhancing the overall FE performance.

Also, the VACNTs synthesized by our method may

be doped with nitrogen since an ammonia plasma

Figure 10 Electrostatic field distribution (simulation result) for a a single VACNT b an array of individual VACNTs, c bundled VACNTs

with 9 VACNTs per bundle, and d bundled VACNTs with 25 VACNTs per bundle.
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was used during the experiment. Chen et al. [55]

conducted an XPS N 1S spectra study on CNTs

treated by the ammonia plasma and demonstrated

the presence of a carbon–nitrogen bonding on the

CNTs wall. They also revealed the occurrence of

doped nitrogen even for an untreated CNTs as they

used the ammonia plasma during the synthesis pro-

cess. The nitrogen doping on the VACNTs was

expected in our samples as we used ammonia plasma

during the experiments. It has been reported that the

FE properties of CNTs can be improved by the

nitrogen doping [43]. Hence, the combined effects of

low contact resistance between the substrate and the

CNTs, highly conductive substrate, nitrogen-doped

CNTs, bundled morphology, and SnO2 coating

greatly enhanced the FE properties of the multi-

walled VACNTs synthesized on the SS substrate by

PECVD.

Conclusions

In summary, VACNTs have been grown directly on

SS substrate without adding extra buffer and catalyst

layers on top of the substrate surface using the

PECVD method. A linear dependency of VACNTs

length on growth time was observed. The VACNTs

were successfully coated with uniform layer of crys-

talline SnO2 nanoparticles (average diameter of

4.18 nm for 9 h coating) by a facile wet-chemical

method. The FE properties of VACNTs with different

lengths were compared, and the longer VACNTs (20-

min sample) demonstrated better FE performance in

terms of low turn-on electric field (ETO = 1.40 V/lm)

and low threshold electric field (ETH = 2.31 V/lm) as

well as higher field enhancement. This is because the

longer VACNT resulted in a higher aspect ratio

which in turn leads to the greater field enhancement.

The posttreatment to the pristine VACNTs samples

such as water treatment and SnO2 nanoparticles

coating significantly enhanced the FE properties (the

ETO and ETH were 1.18 and 2.01 V/lm, respectively,

for SnO2-coated 20-min sample) due to the structural

change which greatly reduced the screening effect.

The effect of bundling of VACNTs on the local elec-

tric field was simulated, and the experimental and

simulation results agree well. Longer VACNTs

coated with SnO2 nanoparticles presented superior

FE stability among all the tested samples. The supe-

rior FE stability can be attributed to the mechanical

strength enhancement and chemical stability of the

VACNT emitters. The present method of direct syn-

thesis of VACNTs arrays on the conductive substrate

such as stainless steel and their structural modifica-

tion through water treatment and SnO2 nanoparticles

coating can be potentially useful in the field emission

devices that require low bias and longer emission

current stability.
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